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Executive Summary
A device was developed that delivers mechanical loads to bone and soft tissue samples under
physiological conditions to aid in the research of tissue engineering bone and cartilage. To begin
the design process, a Network Diagram and Gantt Chart were produced to create a general
timeline for the project to follow. This allowed us to measure our progress and determine what
effects (if any) delays could have on our project.
The first step towards a prototype we took was to meet with our sponsors to collect customer
requirements. Some influential requirements of our project were for the device to maintain a
physiological temperature and pH, to apply vertical compression in a cyclic fashion, to ensure
that the device is easy to use, as well as is scalable. These customer requirements were then
translated into engineering specifications using techniques such as the Quality Function
Deployment (QFD) and House of Quality (HOQ). Through these exercises, we were able to
generate specifications that we could measure using our device, based on the requirements
outlined by the customer.
With additional research on current intellectual property owned on related devices, as well as
their functions, we began the design process. A conjoint analysis was performed to determine
preferences of the user given specific design variations for a piece of our device. From here,
two morphologies, one for the mechanical system and one for the sample housing system,
were generated, along with concept designs. These designs were compared using Pugh Charts
until one design from each morphology was selected. Conceptual models of the mechanical
system were generated using SolidWorks and MATLAB, which also allowed us to analyze the
necessary dimensions of the proposed design.
From the conceptual models, detailed designs of our device were generated. At this point, we
had decided to split our device into four sub systems. The mechanical frame, mechanical cam,
controls, and sample housing systems. The mechanical frame holds and supports the device
and allows for interfaces between other systems. The mechanical cam dictates applied
compression, with the difference in cam radii used to related to the amount of compression
applied to the sample. The controls determine the frequency at which the compression is
applied at, using an Arduino with prewritten code to callout desired rotations per minute. The
sample housing provides a temperature and pH-controlled environment for the samples below
using a sous vide and Lebovitz’s cell medium. Each of these four subsystems were first modeled
separately, then shown in conjunction with each other. A critical design was presented along
with proposed manufacturing plans for each of the systems, and a planned budget for
purchasing of materials to build the device.
To construct the device, the mechanical frame and cam systems required the most
manufacturing, as most pieces were bought as sections of raw material that had to be
machined to size with additional features. Advanced machine shop training was necessary for
use of the Cal Poly Machine Shops as the mill and lathe were generally utilized. The controls
and sample housing systems all had components that could easily be put together in a couple of
step-by-step instructions, without the need for additional machining.
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To determine if the manufactured prototype met engineering specifications, testing protocols
for frequency, compression, temperature, pH, usability, and dimensions were created and
carried out. Frequency and compression testing was performed synchronously at 0.5 and 1 Hz,
which are common rates at which cells experience compression within the body. The level of
compression was set to provide 50% strain to the samples below, which translated to the size
of the cams used. Results from testing reveal that the device is able to sustain 50%
displacement at both 0.5 and 1 Hz, providing the conclusion that it meets the specifications
outlined by the customer.
Temperature and pH testing were also performed synchronously over the course of two hours
with samples loaded. The system was able to sustain a temperature of 37°C and a pH of 7.4,
which are similar to those physiologically present in the body. These results lend the conclusion
that this device will allow for cells and other biological materials being tested will remain viable
throughout the compression process.
Dimensions and usability were also tested to ensure the device was safe and easy to use for the
customer. Clearance levels were specified and tested for the compression platen and to allow
ease of use in loading samples, as well safety to avoid pinch point for the users’ hands.
Dimension specifications for the sample sizes were also measured to ensure that the required
size remained consistent with similar compression devices. Additionally, the active setup time
was specified to take less than 5 minutes, and cleanup in less than 3. Measurements were
taken for these tests, with results showing that overall, the device is easy and safe to use for
the customer. Following testing and acceptance of results based on specifications, a final
budget was recorded, complete with the materials and parts necessary to manufacture and test
the device.
Overall, the device is able to apply cyclic compression to samples below, while maintaining
samples in an environment that is temperature and pH controlled. Each of these variables were
tested and are controlled to mimic physiological conditions. With additional time and
resources, additional mechanical cam parts of the device could be manufactured to allow for
the compression of four samples at once. Additionally, more types of soft tissue could be tested
in the device to provide further applications. As outlined by our sponsors, a hopeful next step of
the device would be for use in tissue engineering. By allowing for variable compression and
frequency, a variety of tissue engineered constructs may be tested to allow for the
differentiation and proliferation of various cell types.
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Indications for Use
Overarching IFU
The Bone and Cartilage Cyclic Loading Compression Simulator is indicated for use by
researchers and tissue engineers to apply cyclic compression forces similar to those
physiologically induced in the body, in a temperature and pH-controlled environment that
mimics in vivo conditions to induce growth of cells in tissue-engineered bone and cartilage
samples with a surface area less than 18 cm2.
For the scope of this project, we will be focusing on a more specific version of this device to
allow us to present a feasible design within our time limitations. The device we will present will
be scalable to allow the eventual expansion of use for other samples, including bone.
Our Project IFU
The Cartilage Cyclic Loading Compression Simulator is indicated for use by researchers and
tissue engineers to apply cyclic compression forces similar to those physiologically induced in
the body, in a temperature and pH-controlled environment that mimics in vivo conditions to
induce growth of cells in tissue-engineered cartilage samples with a diameter of 0.5 cm and
height of 0.5 cm.

Intellectual Property Assessment
Research done on patents has revealed the abilities and claims of previous products and ideas.
Current patents are important to study to avoid potential infringement and can also be used to
guide the design process. Relevant patents are outlined in Table 1. Claims for all patents may be
found in Appendix A.
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Table 1. Current applicable patents
Patent
Mechanical stress
test machine –
5,913,246 [1]

Bioreactor, devices,
systems and
methods – 9,206,383
[2]

Tissue engineered
constructs –
10,801,002 [3]

Method and
apparatus for in-vitro
tissue cultivation –
20210277348 [4]

Cell compression
device –
20210179997 [5]

Automated tissue
engineering system –
20210269755 [6]

Details
All of the claims stated are generic for any mechanical testing device. For our
device, we will need to change the design in that to make it much simpler
than what this patent is for. While what our device is doing is enclosed in the
scope of this patented device, we may be able to license or operate at
risk, since many other companies also have similar devices that perform
common functions.
The relevant claims, 1, 2, 5, and 7 build off each other. The main and most
important pieces come from Claim 7, where it is stated that the bioreactor
will be able to deliver mechanical stimulus to the cells and can provide and
regulate a controlled environment to the cells. Licensing this patent would
allow us to use similar ideas of temperature and pH control, while avoiding
use of any specifics. In claims 1, 2, and 5, this patent seems to be
an explanation of a bioreactor system as a whole and not any specific
one. We could also make a new bioreactor that is slightly different than the
one described to avoid patent infringement; however, it would be most
simplistic to attempt to license the existing product.
This patent is very similar to the device which we are considering of
designing. To avoid patent infringement, we would need to slightly change
our design. Instead of having the tests done in conjunction with a bio reactor,
we could try to perform the cyclic compression loading tests done within a
separate device, potentially an incubator, to still allow for the controlled
environment, but to avoid copying the exact idea of others. While our goals
are similar to those who own this patent, we may be able to achieve them in
other means allowing for an equally successful product.
For the relevant claims 1, 6,8 , and 14, we would change the design to not
include the scaffold of the tissues and only use samples of bone and cartilage
in the controlled environment to apply mechanical compression. For claims 6
and 8, we would operate at risk in that we would carry out mechanical tests
at specifically set parameters. Additionally, for claim 14, we would only use
compression and not a rotational mechanical force and therefore would
design around the parameters set by the patent.
To address the main claim, claim 1, we would change design to make it not
only pressure controlled, but temperature and pH controlled. While our
device would also apply compressive stress to cells, it would do so in a
different environment allowing for the overall to be different. Additionally,
the means of fastening the sample down to the test bed can be modified to
allow for our design to different from that outlined in the patent.
For this patent, to address Claim 1, we could attempt to design around
the patented device and make a modification that makes our device different
than theirs. We could make the controlled chamber simpler, as we only need
to control temperature and pH, and need not cater for a complete
environment to grow cells in. To address Claim 9, we would need to operate
at risk, since these factors are required and wanted by the customer. The
language in the claim is also broad, giving potential wiggle room, however,
also making it easier to infringe on the patent.
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Customer Requirements
Customer requirements were developed through discussions with Dr. Delagrammaticas and Dr.
Heylman and from inferences based on background research.

Geometry
The device should be able to accommodate tissue samples large enough to observe microscopic
behaviors. Tissue samples will not be whole bone segments, but smaller pieces of tissue. The
device should accommodate a variety of tissue sample sizes. Samples should be easy to load
into the device and must fit into an existing test stand, such as an Instron, for additional testing.
If pH and temperature control are not built into the device, the whole device must fit into an
incubator that can maintain these conditions.

Kinematics and Forces
The device should apply compressive forces in the vertical direction. The magnitude of this
force should be variable within a range similar to physiological loading conditions. The load
should be applied cyclically at a frequency similar to physiological loading conditions.

Energy
The device should utilize a pump to apply mechanical forces on tissue samples. The
temperature of the system should be maintained at physiological conditions.

Material
The mechanical components of the device should be able to withstand the aqueous
environment necessary to maintain viable bone and cartilage tissue. The aqueous environment
should promote bone and cartilage growth and maintain a pH in a physiological range.

Ergonomics
The device should be easy to load with tissue samples. There should be enough clearance to
easily position samples and samples should stay in place without slipping during cyclic loading.
If the device must be placed into an incubator it should be easy to load while in the incubator,
or light enough to move from the benchtop to the incubator.
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Assembly, Operation, and Maintenance
Device assembly and operation should be clear and easy to execute. The device should be easy
to clean between uses. It should be clear and simple how to calibrate the device and prepare
the device for use. User preferences such as magnitude of load and cycle frequency should be
simple to input. If the device is to be placed into an incubator it should be easy to keep aseptic.
The device should be designed in a modular fashion to allow for future iterations of the device
to accommodate multiple samples at a time.

Specification Development
We are no longer quantifying compression using force. The specification for compression is now
in terms of strain. Language changed from calibration time to setup time for more clarity. This is
defined as the time it takes to set the device up, including preparing the water bath and
connecting the controls system. This does not include time to heat up the water bath and
sample medium.

To convert customer requirements into more measurable metrics, Quality Function
Deployment (QFD) was implemented to develop a House of Quality (HOQ). The first step of this
process was identifying the customer. This includes the end user, manufacturers, and anyone
else who will interact with the device. It was determined that the customer for this device will
be researchers in tissue engineering, manufacturers of the device, and orthopedic clinicians.
Customer requirements were then developed based on the needs of these groups and
organized into categories. These requirements were then weighted for each customer group by
distributing 100 points amongst each requirement based on importance.

The next step in QFD involved benchmarking existing competitors. This was achieved by
identifying three devices that had similar functions to the device being developed. These
devices were then ranked on a scale from 1 to 5 for each customer requirement, 1 being that
the device does not meet the requirement at all and 5 being that the device fully meets the
requirement.

Engineering specifications were then developed based on customer requirements and
background research. These specifications are outlined in Table 2. The risk being denoted as
High (H), Medium (M), or Low (L), and the compliance method denoted as Test (T), Analysis (A),
Similarity to existing design (S), or Inspection (I). These requirements were related to customer
requirements in the HOQ as unrelated, weakly related, medium related, or strongly related.
Engineering targets, including specific values and units, were then developed for each
requirement. The full HOQ can be found in Figure 1.
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Table 2. Engineering Specifications
Spec. #

Parameter
Description

1

Compressive
Strain
Frequency
Platform
Diameter
pH
Temperature
Clearance
Setup Steps
Setup Time
Cleaning
Time
Sample
Height
Sample
Diameter

2
3
4
5
6
7
8
9
10
11

Requirement
or Target
(units)
50%

Tolerance

Risk

Compliance

±5%

H

T, S

1 Hz
3.175 cm

Max
±0.005

L
L

T, A, S
I, A

7.4
37C
5 cm
10 steps
5 min
3 min

±0.2
±2
Min
Max
Max
Max

H
H
L
L
L
L

T, S
T, S
T, I
I, A
T
T

0.5 cm

±0.01

L

I, A

0.5 cm

±0.01

L

I, A
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Figure 1. House of Quality

Conjoint Analysis
Conjoint Cards were distributed out to potential customers with three factors including: user
interface, temperature, and sample loading, and two levels. User interface was separated
between manual control knobs and touch screen, temperature was separated between being
set at 37°C and variable, and sample loading was separated between clamped and recessed.
Following data collection, a multivariate analysis of variance (MANOVA) was run, and no
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significant differences were found between any of the levels or factors. This provides the
conclusion that we may need to revise the factors and levels used on our cards and recollect
data.

Morphology
The main goal on our morphology was to decide on a mechanical system that would be
effective in applying compression at a desired frequency. Through brainstorming, we were able
to come up with a couple of different methods on how to achieve each function. Functions
were determined from customer requirements, as well as through functional decomposition.
Lines on the chart, seen in Figure 2, mark the individual components for each system. Each
system is then described and broken down in an analysis below the chart.

Figure 2. Morphology of designs based on various functions and concepts.

Concept Design 1 – Pneumatics Compression with controlled pneumatic piston speed with
compression platen enclosed in a wet environment, all controlled by a single pump controller,
seen in Figure 3.
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This concept utilizes a pneumatic pump to apply compressive forces on the sample. The speed
of the pump controls the frequency of compressions. User inputs are converted to mechanical
forces through a single pump controller. The wet environment encloses both the sample and
the compression platen, allowing for more consistent forces to be applied. To allow for pH and
temperature control the device would have to be placed into an incubator and the sample bath
would have to allow for air flow. A challenge of this would be the overall cost of the system
since single pump controllers are expensive.

Figure 3. Concept Design 1. Utilizing a pneumatic pump to control compression and frequency,
enclosed in a wet environment to control pH and temperature.

Concept Design 2 – Rod with spring to apply compression with a variable cam size on a rotating
rod to control frequency suspended above a temperature-controlled plate that will house the
cells, this whole system is controlled by a servo motor, shown in Figure 4.
For this concept, the frequency is controlled by the rotation speed of the rod which the cams
are attached to. Cams could have any number of bumps on them to control the number of
cycles that occur for each cycle that the spinning rod undergoes. The rod would be controlled
by a simple servo motor. Touching each cam is a push rod that has a spring connected to it.
When the push rod is forced downward by the cam, the spring helps to restore the push rod
back up when the cam cycles through. This prevents the push rod from just falling onto the
sample. This setup would be suspended over a dish that will house the samples. The dish will be
temperature controlled though a hot plate and pH controlled through a buffer or other nonCO2 necessary method. One challenge of this system would be finding precise values for
frequency from each of the cams since many will be irregular shapes.
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Figure 4. Concept Design 2. A motor to drive a rod that controls frequency, with cams attached
to provide cyclic compression to the samples. Samples are contained within a dish with a
temperature pad below and buffer within to control temperature and pH.

Concept Design 3 – Mechanical linkage to apply compression with a varying rod rotation speed
to control frequency housed within an incubator, controlled by a servo motor, seen in Figure 5.
For this concept, the frequency is controlled by the rod that drives the rotation of the
mechanical linkage. The mechanical linkage causes rotational motion to be transferred into
linear motion, if the displacement can be controlled, then the amount of force delivered in
compression can also be controlled. The rod would be driven by a servo motor that allows for
the rate at which it rotates the rod to be variable. This unit would be housed in an incubator
since it provides more space than having the compression platen within the environment. One
challenge with this unit would be providing adequate space in the incubator since the linkage
must be able to rotate in a full 360° range of motion.
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Figure 5. Concept Design 3. A servo motor driven rod controls frequency, attached to a
mechanical linkage to apply compression on the sample. The mechanical system is housed in an
incubator allowing for temperature and pH control.

Our original morphology was conducted to have a greater emphasis on the mechanical system.
A new morphology was done on the physiological controls system (temperature and pH) as seen
in Figure 6 to determine which system would be best suited for our use.
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Figure 6. Morphology for the conceptual design of the physiological components of our device

Concept Design 1 – Reptile heating mat with a non-CO2 dependent buffer and samples housed
in a PMP jar
Tissue sample housed in a polymethylpentene (PMP) jar containing a pH buffered cell medium
that is dependent on phosphates and free base amino acids as opposed to CO2, such as
Leibovitz’s L-15 medium. This medium will likely require supplementation with fetal bovine
serum to promote cell growth as it does not contain proteins, lipids, or growth factors. The PMP
jar is heat resistant and autoclavable and would withstand regular cleaning but may be more
expensive than other options. Physiological temperature will be achieved using a reptile heating
mat with built in controls and temperature feedback. The feedback probe cannot be submersed
in liquid so it would be placed between the mat and the PMP jar. Although this option for
heating is very cost effective, it may be inaccurate and could cause irregular heating in the
sample bath.
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Concept Design 2 – Incubator for temperature and pH control and samples housed in an acrylic
container
Both temperature and pH control are achieved by keeping a reservoir of cell medium containing
sodium bicarbonate in an incubator. The incubator would maintain a physiological temperature
and provide CO2 to buffer the medium at a physiological pH. The cell medium would be
pumped out of the incubator into the acrylic sample container. The acrylic container is cost
effective and easily obtainable from Amazon or a similar source, but it may not be easily
sterilized using an autoclave or other methods and could break down with repeated cleaning.
To avoid contaminating the incubator, used medium would need to be pumped out of the
acrylic container. The rate of both pumps would have to be carefully controlled to ensure that
medium is kept at the appropriate parameters. The reservoir would need to be refilled regularly
to ensure that the tissue sample is always submersed in medium.

Concept Design 3 – Reptile heating mat with a CO2 pump and regulator and sample housed in a
PMP jar
Tissue sample housed in a PMP jar containing a cell medium with sodium bicarbonate. pH is
regulated by injecting CO2 into the medium using a CO2 pump and regulator. The regulator
would be connected to a pH probe to maintain physiological pH. This additional control system
adds complexity and may not be cost effective. Physiological temperature will be achieved
using a reptile heating mat with built in controls and temperature feedback. The feedback
probe cannot be submersed in liquid so it would be placed between the mat and the PMP jar.
Although this option for heating is very cost effective, it may be inaccurate and could cause
irregular heating in the sample bath.

Concept Evaluation
The three concepts developed from the morphology were compared using Pugh charts. The
finalized charts were developed by setting each concept as a baseline and comparing the other
two concepts to the baseline. The baseline was assigned a value of zero for all criteria and each
criterion was assigned a value of importance. For each criterion, the remaining designs were
assigned a value of 1 if they performed better than the baseline, 0 if they were the same
performance as the baseline, and –1 if they were worse than the baseline. These scores were
summed and weighted based on the importance value. This process was repeated by each
group member with each concept as the baseline. After completing all three charts, we
compared our results and discussed our reasoning for each value. In doing this, we discovered
that we had very similar results for each chart and edited them to have values we all agreed
upon. This resulted in the Pugh charts shown below. Table 3 shows the Pugh chart with concept
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design 1 as the baseline, Table 4 shows the Pugh chart with concept design 2 as the baseline,
and Table 5 shows the Pugh chart with concept design 3 as the baseline.

Table 3. Pugh chart with pneumatic concept as the baseline

Table 4. Pugh chart with cam concept as the baseline
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Table 5. Pugh chart with mechanical linkage concept as the baseline

Based on the results of the Pugh charts, it appears that the cam design is our current front
runner. In the chart with the cam as the baseline, the other two concepts both had negative
weighted totals. In the other two charts the cam had a higher weighted total than the
pneumatic concept and the mechanical linkage concept. This is likely because the cam concept
is cost effective, easily scalable, and effectively applies cyclic compressive forces. When
comparing the ability to apply compression, the mechanical linkage and cam had similar
performance metrics while the pneumatic actuator was rated to be better since it can apply
automated loads based on specific calculations. For the ability to apply the load at a consistent
frequency, all systems were on the same level of ability. For temperature and pH controlled,
the pneumatic actuator and cam systems ranked higher than the mechanical linkage, mainly
because the size of the linkage may be limiting to how the system will fit within the housing
unit. In terms of scalability, the cam ranked higher than both the linkage and pneumatic
systems, due to being able to easily replace and change cam sizes and shapes. Finally, in terms
of cost, the pneumatic system ranked worst due to the raw cost of the parts of the system,
whereas the linkage and cam both combine simple mechanical parts to reach a similar function.

Based on our new morphology focusing on the physiological controls of the device three
conceptual designs were developed and compared using Pugh Charts and the same analysis
outlined above. This resulted in the Pugh Charts shown in Tables 6-8.
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Table 6. Pugh chart with concept 1 as the baseline

Table 7. Pugh chart with concept 2 as the baseline

Table 8. Pugh chart with concept 3 as the baseline

Concepts 1 and 2 received similar scores when compared using Pugh charts. Because concept 1
is less complex than 2, it is the current front runner. Some issues that must be addressed with
this design are the temperature gradient from the heating pad and the accuracy of the non-CO2
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dependent buffer. The temperature gradient can be improved by insulating the sample
container in some way. The pH regulation can be verified through testing.

Conceptual Model
CAD Model
Description
The CAD model we have developed is shown below in Figure 7. The Arduino system on the far
left of the model controls the stepper motor that is connected to the left side of the frame.
This motor spins the rod with cams on it to create a cyclic motion down below in the sample
containers. The cam system allows the motion to be translated from rotation to a vertical
motion that satisfies the cyclic requirement. This model has helped us in many ways throughout
this quarter. It has given us an idea of the total size, allowed us to see possible problems that
we wouldn’t think of when simply visualizing the model in our head, and helped us realize what
our options were for different interfaces.

Figure 7. View of CAD Model
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MATLAB Code
Description
This mathematical model was generated in MATLAB to calculate the necessary height of the
cam system to apply compression to samples. There are two different scripts being used for
this. The first script is a code to call and utilizes user input that is later called into the function,
which is the second script. Each of the inputs has parameters which the values must fall within,
or the user will receive an error message reminding them of the acceptable values. The code to
call first asks the user to enter their desired force of compression that will be applied with every
cycle. Allowing for user input of the compression force allows for scalability of the system. Next,
the user is asked to input the elastic modulus for their specific sample. Elastic moduli can vary
greatly depending on the type of sample (bone vs cartilage) and even where the sample was
taken from in the body. Then, the dimensions of the sample itself, including height and crosssectional area, must be input to allow for the correct force to be applied. The original height of
the sample serves as a baseline to calculate the strain of the sample under a specified force.
The cross-sectional area that the force will be applied to corresponds to the overall stress
induced on the sample, allowing for the strain to be calculated, given the elastic modulus.
These calculations are done in the function itself, where each of the inputs are utilized to help
determine the necessary displacement of the sample to induce the wanted force. An example
of the command window of user inputs and the output rod height is shown in Figure 8. The full
code is available in Appendix B.

Figure 8. Example of the command window showing user inputs and output rod height
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Analysis
Values used as parameters within the code to call were obtained through analyzing existing
research papers. The model allowed us to better understand what pieces of information were
important to consider when going through previous studies. For example, the maximum value
of 1250 N was selected to be able to cater for adequate compression of the fully developed
bone and cartilage samples and a much smaller value will be used on tissue-engineered cells.
Other parameters set for the size of the samples were results of being able to recognize the
limitations of the system. Since this model is dependent on user input, the data collected was
more abstract. One important piece of information we obtained from this model was the
maximum height (0.8m) that our system must be able to reach to apply the maximum
compression. This was done by setting the maximum value for the compression force, as well as
a small cross-sectional area and large sample height. While some of our parameters may
change in the future, such as the cam radius or compression rod length, we will be able to easily
calculate a new maximum height value because we set this model up in MATLAB.
Learnings
This mathematical analysis allowed us to gain a better understanding of the parameters
affecting the compressive force in our device. We were able to determine that the user would
need to know their desired force and the elastic modulus, height, and cross-sectional area of
their sample. From this information we must be able to output the height at which the rod
must be set to obtain the desired force. By inputting our maximum force, we obtained the
maximum height of the rod. From this we can determine how tall to make the frame of the
device.
Further Development
The MATLAB code developed to gain a better understanding of our compression system can be
adapted in the future to become part of the user interface of the device. Once we have more
concrete values for cam radius and rod length, we can update our code to be more accurate.
The maximum rod height obtained from this code will inform certain dimensions of our design
such as overall height of the frame and the maximum rod height setting. Once we have a
working prototype of the device compressive forces can be measured and compared to our
code to ensure that it is accurate.
Because we have transitioned from measuring stress to measuring strain, this model is not as
relevant in our design. That being said, the model could be modified and implemented for use in
future studies to methodically solve for necessary heights given modulus and strain values.
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Budget
Prior to manufacturing and testing the device, our planned budget total was just under $400, as
seen in Table 9. A complete table of the planned and actual budgets side by side can be seen in
Appendix D.
Table 9. Planned budget.
Item Description

Product Number

Spinning Rod

89535K15 McMaster

Uprights

8975K74 McMaster

Cam Push Rods

89535K17 McMaster

Cams

9208K11 McMaster

Mounted Ball
Bearings

5913K61 McMaster

Base

8975K513 McMaster

Guiding Plate

8975K83 McMaster

Sliding Guides

8975K74 McMaster

5-20 Socket Head
Screws

91251A173 McMaster

6-32 Socket Head
Screws

91251A148 McMaster

1/4"-20 Socket
Head Screws

91251A542 McMaster

Platens
Large Corner
Brackets (Lbrackets)
Small Corner
Brackets (Lbrackets)

Nuts

89535K45 McMaster
13135A61 McMaster
1556A61 McMaster
95505A601 McMaster

Purpose
Material for
Mechanical Cam
System
Material for
Mechanical
Frame System
Material for
Mechanical Cam
System
Material for
Mechanical Cam
System
Material for
Mechanical Cam
System
Material for
Mechanical
Frame System
Material for
Mechanical Cam
System
Material for
Mechanical Cam
System
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Material for
Mechanical Cam
System
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly

Associated Task

Unit

Quantity

Cost/Unit

Total Cost

EA

1

$13.38

$13.38

EA

1

$25.14

$25.14

31- Mechanical Cam
System Production

EA

1

$12.47

$12.47

31- Mechanical Cam
System Production

EA

1

$11.07

$11.07

EA

2

$10.95

$21.90

EA

1

$22.02

$22.02

31- Mechanical Cam
System Production

EA

1

$9.38

$9.38

31- Mechanical Cam
System Production

EA

1

$13.49

$13.49

34- Mechanical
System Assembly

25/pack

1

$9.48

$9.48

34- Mechanical
System Assembly

100/pack

1

$10.68

$10.68

34- Mechanical
System Assembly

50/pack

1

$10.22

$10.22

31- Mechanical Cam
System Production

EA

1

$20.01

$20.01

34- Mechanical
System Assembly

EA

4

$0.67

$2.68

34- Mechanical
System Assembly

EA

4

$0.68

$2.72

34- Mechanical
System Assembly

100/pack

1

$4.42

$4.42

31- Mechanical Cam
System Production
32 - Mechanical
Frame System
Production

31- Mechanical Cam
System Production
32 - Mechanical
Frame System
Production
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Washers

90107A029 McMaster

10-32 Set Screws

73718 – Home
Depot

10-24 Set Screws

73658 – Home
Depot

1/4"-20 Set
Screws

812198 – Home
Depot

3 - 4 in. Stainless
Steel Hose Clamp
1-3/4 - 2-3/4 in.
Stainless Steel
Hose Clamp

6756595 – Home
Depot

7/16 in Zinc
Washer

802511 – Home
Depot

Spring

Ace Hardware

Hudson Ball
Bearings
1/4"
Multipurpose
Foam
Stepper Motor NEMA 17
5mm to 12.7 mm
Shaft Coupler

B00EPLLR8EAmazon

Arduino Uno
A4988 Stepper
Motor Driver

Cal Poly/User
B07BND65C8 Amazon

Breadboard

Cal Poly/User

Capacitor (100uF)
12V Power
Supply

Cal Poly/User
B01AZLA9XQ Amazon

Jumper Wires
USB cable type
A/B

Cal Poly/ User

Computer/Laptop

Cal Poly/ User

Timer

Cal Poly/ User

6736595 – Home
Depot

Cal Poly/User
Cal Poly/User
Cal Poly/User

Cal Poly/ User

Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
User Input for
Controls System
Testing for
Frequency and
Setup

34- Mechanical
System Assembly

100/pack

1

$7.11

$7.11

34- Mechanical
System Assembly

2/pack

1

$1.59

$1.59

34- Mechanical
System Assembly

2/pack

1

$1.59

$1.59

34- Mechanical
System Assembly

2/pack

2

$1.59

$3.18

34- Mechanical
System Assembly

EA

1

$2.23

$2.23

34- Mechanical
System Assembly

EA

1

$1.96

$1.96

34- Mechanical
System Assembly

EA

10

$0.18

$1.80

34- Mechanical
System Assembly

EA

1

$3.00

$3.00

34- Mechanical
System Assembly

10/pack

1

$23.11

$23.11

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

5/pack

1

$10.10

$10.10

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$6.99

$6.99

EA

10

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

34- Mechanical
System Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
41- Testing for
Compression and
Frequency

22

Heat Sink
Nalgene PMP jar
(70 mm)
Leibovitz's L-15
Medium
DI Water
Dividable Grid
Container (107/8" x 8-1/4'')
Dividable Grid
Container Short
Divider
Circulation Pump
Heating Element
0.5 cm Biopsy
Punch
0.5cm Diameter x
0.5 cm Height
Cartilage Samples

B07G12KXH6 Amazon
2117-0125PK ThermoFisher
11415064 ThermoFisher

Parts for
Controls System

Cal Poly/User

Sample Holders
Environment for
Testing
Control Temp
for Samples

28- Control System
Assembly
29- Sample Housing
Assembly
29- Sample Housing
Assembly
29- Sample Housing
Assembly

53966 - United
States Plastic Corp.

Sample Holder
for Testing

29- Sample Housing
Assembly

52928 - United
States Plastic Corp.
B07ZR3G275 Amazon
B095HK7431 iPower (Amazon)
504528 - World
Precision
Instruments

Sample Holder
for Testing
Control Temp
for Samples
Control Temp
for Samples

29- Sample Housing
Assembly
29- Sample Housing
Assembly
29- Sample Housing
Assembly
41- Testing for
Compression and
Frequency
41- Testing for
Compression and
Frequency
43- Testing for pH
and Temperature
41- Testing for
Compression and
Frequency

Sample
preparation

pH probe

Cal Poly/User

Calipers

Cal Poly/User

Temperature
Probe

Cal Poly/User

Sharpie Marker

Cal Poly/User

Samples for
Testing
Testing for
accurate pH
Testing for
dimensions and
clearance
Testing for
temperature
control
Testing for
frequency and
compression

Video Camera

Cal Poly/User

Testing for
compression

Cal Poly Meats

43- Testing for pH
and Temperature
41- Testing for
Compression and
Frequency
41- Testing for
Compression and
Frequency

EA
4
jar/1unit
500
mL/unit

1

$5.99

$5.99

1

$29.10

$29.10

1

$42.72

$42.72

EA

1

$0.00

$0.00

EA

1

$9.19

$9.19

EA

4

$1.18

$4.72

EA

1

$12.99

$12.99

EA

1

$32.99

$32.99

EA

1

$10.00

$10.00

EA

6

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

Total

$399.42

Following manufacturing and testing procedures, some modifications had to be made to the
device. For example, the type of motor used was changed from a 28byj-48 stepper motor to a
NEMA 17 to supply more torque. However, since both motors were readily available, there was
no additional cost to switching the motor type. In addition, modifications to our sample housing
were made. This can be seen with the heating mat and circulation pump present in the planned
budget (Table 9) being replaced by the sous vide in the actual budget (Table 10). Prices of parts
used for the final prototype of our device can be seen in Table 10.

23

Table 10. Actual Budget.
Item Description

Product Number

Spinning Rod

89535K15 McMaster

Uprights

8975K74 McMaster

Cam Push Rods

89535K17 McMaster

Mounted Ball
Bearings

5913K61 McMaster

Base

8975K513 McMaster

Guiding Plate

8975K83 McMaster

Sliding Guides

8975K74 McMaster

1/4"-20 Socket
Head Screws

91251A542 McMaster

Platens
Small Corner
Brackets (Lbrackets)

89535K45 McMaster
1556A61 McMaster

Nuts

95505A601 McMaster

Washers

90107A029 McMaster

10-32 Set Screws

73718 – Home
Depot

10-24 Set Screws

73658 – Home
Depot

1/4"-20 Set
Screws

812198 – Home
Depot

3 - 4 in. Stainless
Steel Hose Clamp
1-3/4 - 2-3/4 in.
Stainless Steel
Hose Clamp

6756595 – Home
Depot
6736595 – Home
Depot

Purpose
Material for
Mechanical Cam
System
Material for
Mechanical
Frame System
Material for
Mechanical Cam
System
Material for
Mechanical Cam
System
Material for
Mechanical
Frame System
Material for
Mechanical Cam
System
Material for
Mechanical Cam
System
Parts for
Mechanical
Assembly
Material for
Mechanical Cam
System
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly

Associated Task

Unit

Quantity

Cost/Unit

Total Cost

EA

1

$13.38

$13.38

EA

1

$25.14

$25.14

EA

1

$12.47

$12.47

EA

1

$10.95

$10.95

EA

1

$22.02

$22.02

31- Mechanical Cam
System Production

EA

1

$9.38

$9.38

31- Mechanical Cam
System Production

EA

1

$13.49

$13.49

50/pack

1

$10.22

$10.22

31- Mechanical Cam
System Production

EA

1

$20.01

$20.01

34- Mechanical
System Assembly

EA

1

$0.68

$0.68

34- Mechanical
System Assembly

100/pack

1

$4.42

$4.42

34- Mechanical
System Assembly

100/pack

1

$7.11

$7.11

34- Mechanical
System Assembly

2/pack

1

$1.59

$1.59

34- Mechanical
System Assembly

2/pack

1

$1.59

$1.59

34- Mechanical
System Assembly

2/pack

2

$1.59

$3.18

34- Mechanical
System Assembly

EA

1

$2.23

$2.23

34- Mechanical
System Assembly

EA

1

$1.96

$1.96

31- Mechanical Cam
System Production
32 - Mechanical
Frame System
Production
31- Mechanical Cam
System Production
31- Mechanical Cam
System Production
32 - Mechanical
Frame System
Production

34- Mechanical
System Assembly
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7/16 in Zinc
Washer

802511 – Home
Depot

Spring

Ace Hardware

Hudson Ball
Bearings
1/4"
Multipurpose
Foam
Stepper Motor NEMA 17
5mm to 12.7 mm
Shaft Coupler

B00EPLLR8EAmazon

Arduino Uno
A4988 Stepper
Motor Driver

Cal Poly/User
B07BND65C8 Amazon

Breadboard

Cal Poly/User

Capacitor (100uF)
12V Power
Supply

Cal Poly/User
B01AZLA9XQ Amazon

Jumper Wires
USB cable type
A/B

Cal Poly/ User

Computer/Laptop

Cal Poly/ User

Timer
Tupperware
Container
(8"x8"x3")

Cal Poly/ User

PET jar 8oz
Leibovitz's L-15
Medium
DI Water

Cal Poly/User
Cal Poly/User
Cal Poly/User

Cal Poly/ User

Cal Poly/User
B07DKT7FZY Amazon
11415064 ThermoFisher

0.5 cm biopsy
punch

Cal Poly/User
B07P9BZ4NB Amazon
504528 - World
Precision
Instruments

Nylon Foam 1/8"
x 6" x 6"

3623K61 McMaster

pH probe

Cal Poly/User

Sous Vide

Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Mechanical
Assembly
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
Parts for
Controls System
User Input for
Controls System
Testing for
Frequency and
Setup
Control Temp
for Samples
Sample Holders
Environment for
Testing
Control Temp
for Samples
Control Temp
for Samples
Sample
preperation
Samples for
Testing
Testing for
accurate pH

34- Mechanical
System Assembly

EA

10

$0.18

$1.80

34- Mechanical
System Assembly

EA

1

$3.00

$3.00

34- Mechanical
System Assembly

10/pack

1

$23.11

$23.11

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

5/pack

1

$10.10

$10.10

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$6.99

$6.99

EA

10

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA
12
jar/unit
500
mL/unit

1

$0.00

$0.00

1

$15.99

$15.99

1

$42.72

$42.72

EA

1

$0.00

$0.00

EA

1

$30.00

$30.00

EA

1

$10.00

$10.00

EA

1

$2.50

$2.50

EA

1

$0.00

$0.00

34- Mechanical
System Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
28- Control System
Assembly
41- Testing for
Compression and
Frequency
29- Sample Housing
Assembly
29- Sample Housing
Assembly
29- Sample Housing
Assembly
29- Sample Housing
Assembly
29- Sample Housing
Assembly
41- Testing for
Compression and
Frequency
41- Testing for
Compression and
Frequency
43- Testing for pH
and Temperature
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Calipers

Cal Poly/User

Temperature
Probe

Cal Poly/User

Sharpie Marker

Cal Poly/User

Testing for
dimensions and
clearance
Testing for
temperature
control
Testing for
frequency and
compression

Video Camera

Cal Poly/User

Testing for
compression

41- Testing for
Compression and
Frequency
43- Testing for pH
and Temperature
41- Testing for
Compression and
Frequency
41- Testing for
Compression and
Frequency

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

EA

1

$0.00

$0.00

Total

$306.03
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Network Diagram
Alterations made to our Network Diagram/Gantt Chart include changing dates to more
accurately reflect the timeline in which we completed the manufacturing and assembly tasks.
Other than this, our plan remains the same and we are still on track to complete everything on
time.

Figure 9. Network Diagram for Fall Quarter (top) and Winter Quarter (bottom).
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Figure 10. Gantt Chart with Critical Path Tasks shown in Red
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Detailed Design
Since we have made several small changes to our device since our last report, our detailed
design has been updated to reflect those changes. While most changes were almost
unnoticeable, there were some significant ones, like the change in cam size and the addition of a
mounted plate that holds the motor. All detailed drawings have been updated and can be found
just below.
The front runner concept consists of a mechanical cam system controlled by a stepper motor
supported by a mechanical frame. The configuration of the controls system is outlined in Figure
26. The samples will be housed in a PMP jar in a circulating water bath with a reptile heating
mat to control temperature and a non-CO2 dependent buffer to control pH as shown in Figure
27. The SolidWorks drawings below (Figures 11-15) present how each of these components will
come together to create a single functioning system. Most components of the mechanical
frame will be made of aluminum since it is strong, easy to machine, and cost efficient. The cam
system will utilize stainless steel due to its properties of being strong but also corrosion
resistant, which is important in the interface between the platen and samples. The materials
utilized for housing the samples consist of polymethylpentene (PMP), which is transparent (an
important feature for testing purposes) and sterilizable. The full assembly of this system can be
seen in Figure 28 and has a total cost of $306.03.

Figure 11. SOLIDWORKS drawing of Mechanical Frame parts.
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Figure 12. SOLIDWORKS drawing of Mechanical Guide parts.

Figure 13. SOLIDWORKS drawing of Motor Mount parts.
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Figure 14. SOLIDWORKS drawing of Mechanical Cam and Rotating Rod parts.

Figure 15. SOLIDWORKS drawing of Mechanical Push Rod and Platen.
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Prototype Manufacturing Plans
Our manufacturing plans have only slightly changed since our last report. The motor mount has
been added, as it is a new piece to our assembly, and other pieces have had steps added for
slight alterations that we made. We have also made some small changes to the assembly
instructions, as our motor is mounted in a new way, but everything else remained the same.

Mechanical Frame System
Uprights
A 2” by 2’ by ½" piece of aluminum will be used for the struts
1.
2.
3.
4.
5.

Cut to 9.5”
Mill out .375” centered slot that is 1.25” from the top of the strut
Make length of slot 5”
Drill two centered holes on bottom that are 1” apart with a .201” drill bit
Use ¼"-20 hand tap on holes

Figure 16. Uprights used in mechanical frame system.
Base
The base will be constructed from a 3” by 1’ by ½" aluminum bar.
1. Cut base pieces to 1’ in length
2. Use .201” drill to drill two holes spaced 1” apart that are 5.5” from the short sides and
1” from a longer side of the base piece
3. Use .5” drill to drill halfway down two previously drilled holes for a countersink
4. Use ¼"-20 hand tap on holes
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Figure 17. Base plates used in mechanical frame system.
Guiding Plate
For the guiding plate, a 3” by 2‘ by 1/8” piece of aluminum will be used.
1. Cut to proper length of 18” on bandsaw
2. Mill out two slots that are 2” in length and .5” in width on both ends of the piece .5”
away from the end
3. Drill 4 holes with a 7/16” drill bit that are evenly spaced 4.5” apart
4. Super glue 10 washers together so that they create a tunnel for the rod to slide through
5. Glue washer tunnel on the bottom of guiding plate over one of the holes

Figure 18. Guiding Plate used in mechanical frame system.
Sliding Plate
The Sliding Plates will be created from a 2” by 1’ by ½" aluminum bar.
1.
2.
3.
4.
5.
6.

Cut to 3.375” on bandsaw
Mill out 2” long .5” wide slot that is 1.25” from bottom edge
Drill two .201” diameter holes into the slot from the side
Tap both holes with a ¼"-20 tap
Place bearing on piece and trace where holes go for that
Drill holes in traced areas and tap with a ¼”-20 tap
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Figure 19. Sliding Guides used in mechanical frame system.
Motor Mount
The Motor Mount will be made from a 2” by 1’ by .5” aluminum bar.
1. Cut to 3.825” on bandsaw
2. Use mill or drill press to drill a .5” hole centered 1” away from either shorter edge on
either large flat surface
3. Using a #21 drill, drill two holes into the long flat sides that are centered on the .5” hole
and go through to the .5” hole
4. Using the same drill, drill on the shorter thin side into the .5” hole so that it is centered
5. Using a 10-24 tap, tap both side holes
6. Using a 10-32 tap, tap the final back hole

Figure 20. Motor Mount used in mechanical frame system.
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Table 11. Bill of Materials for the mechanical frame.
Item #
1
2
3
4
5

Part #
MFS-001
MFS-002
MFS-003
MFS-004
MFS-005

Qty.
2
2
1
2
1

Name
Base
Upright
Guide Plate
Sliding Guide
Motor Mount

Material
Aluminum
Aluminum
Aluminum
Aluminum
Aluminum

Source
McMaster
McMaster
McMaster
McMaster
McMaster

Mechanical Cams System
Spinning Rod
The stainless-steel spinning rod will have a diameter of .5”.
1. Cut to proper length, which is undetermined until full assembly is together
2. Sand down rod ends so it fits more easily into bearings and shaft coupler

Figure 21. Spinning Rod used in Mechanical Cam System.
Cams
The cams will be made from a 1.25” diameter rod of stainless steel.
1.
2.
3.
4.

Cut rods to .5”
Drill .5” hole that is .054” from center
Drill 10-32 hole into the side of the cam and into the previously drilled hole
Tap 10-32 hole for set screw to screw into
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Figure 22. Spinning Rod used in Mechanical Cam System.
Push Rods
Push rods will be made from a stainless steel 7/16” rod.
1.
2.
3.
4.

Cut rods to 5” in length
Drill a .201” hole into either end of rod
Tap hole with a ¼"-20 tap
Outside tap other end of rod with a 7/16” die.

Figure 23. Push Rod used in Mechanical Cam System.
Platens
Platens will be made from a 1.25” diameter stainless steel rod.
1.
2.
3.
4.

Cut to 1” length
Sand down edges and face the bottom of the platen so that it is flat
Cut a .4” hole on top of platen that does not go all the way through
Tap hole with a 7/16” tap
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Figure 24. Platen used in Mechanical Cam System.
Ball Transfer
Ball transfers were purchased online but had to be modified as they wobbled.
1. Place washers over the screw on bottom of ball transfer
2. Screw nut onto same screw, securing washers onto the bottom of the ball transfer

Figure 25. Ball Transfer used in Mechanical Cam System.

Table 12. Bill of Materials for Mechanical Cam System.
Item #
1
2
3
4
5

Part #
MCS-001
MCS-002
MCS-003
MCS-004
MCS-005

Qty.
4
1
4
4
1

Name
Cam
Spinning Rod
Push Rod
Platen
Ball Transfer

Material
Aluminum
Aluminum
Stainless Steel
Stainless Steel
Carbon Steel

Source
McMaster
McMaster
McMaster
McMaster
Amazon
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Controls System
The frequency of the rotation of the cam system is controlled by an Arduino which receives
user input via a computer. A complete list of the bill of materials can be seen in Table 13. The
computer must have Sketch, a program that codes for Arduino. The code necessary is
prewritten and can be found in Appendix C. The user must copy and paste this code into their
program, and update their preferred RPM, which can also later be changed.
We had to adjust manufacturing plans for our controls system as we are now using a more
powerful stepper motor and external power supply. Changes made to manufacturing plans are
reflected below.
1. Connect the stepper motor driver to the middle of the breadboard, with the main driver
(black part) closest to the left side of the breadboard.
2. Connect one male to male jumper cable from the reset to sleep ports of the motor
driver (left side ports 3 and 4)
3. Connect one jumper cable from the step port on the driver (left side port 2) to terminal
3 on the Arduino Uno.
4. Connect one jumper cable from the direction port on the driver (left side port 1) to
terminal 2 on the Arduino Uno.
5. Connect one red jumper cable to the 5V terminal of the Arduino Uno and one black
cable to the ground terminal. Connect the other end of these cable to the leftmost sides
of the breadboard with red connecting to the positive column and black to the negative.
6. Skipping up in the column by two pins, connect one red jumper cable to the positive
column and one black cable to the negative column.
7. Connect the other ends of these cables into the right side of the motor driver. Connect
the black cable to right side port 1 and the red cable port 2.
8. Attach a power source input to the top right of the breadboard with the positive
terminal attached to the positive column and the negative terminal to the negative
column.
9. Below the power source, attach the 100uF capacitor, with the positive (longer) pin in
the positive column, and the negative (shorter) pin in the negative column.
10. To utilize this power source, attach a red jumper wire to the positive column, and a
black one to the negative. Connect the other end of these cables to the voltage (right
side port 8) and ground (right side port 7) on the motor driver respectively.
11. To connect the stepper motor, the cables that are attached to the same coil must be
connected side by side. One may observe which cables are coupled by looking up into
the input terminals of the motor. There will be a clear division of the cables.
12. Connect the first set of cables (black and green) to right side ports 1A and 1B.
13. Connect the second set of cables (red and blue) to right side ports 2A and 2B.
The controls system is now set up and the motor may be fastened to the frame to allow it to
effectively rotate the rod.
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Figure 26. Controls System configuration.

Table 13. Bill of Materials for Controls System.
Item #
1
2
3
4
5
6
7
8
9

Part #
CS-001
CS-002
CS-003
CS-004
CS-005
CS-006
CS-007
CS-008
CS-009

Qty
1
1
1
1
9
1
1
1
1

Name
Arduino Uno
12V Power Supply
Stepper Motor Driver
Stepper Motor
Male to Male DuPont Wire
USB
Breadboard
Heat Sink
100uF Capacitor

Material
----------

Source
ARDUINO
SANSUN
HiLetGo
STEPPER ONLINE
ELEGOO
ELEGOO
ELEGOO
HiLetGo
ELEGOO

Housing System
Both the sample containers and water bath container have been changed from a dividable grid
container and 64 mm (about 2.52 in) PMP jars to a lidded Tupperware and 2.75-inch PET jars.
The heating system has been updated from a water circulator and heating pad to a combined
water circulator and heater.
The sample housing serves as a container to hold the sample while the device operates and
maintains a physiological pH and temperature. This is achieved using only off the shelf parts, so
no manufacturing equipment or training is necessary. The sample housing consists of a
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circulating heated water bath and sample containers filled with medium. The full bill of
materials is outlined in Table 14.

Circulating Water Bath
To maintain a consistent temperature surrounding the sample bath and to avoid temperature
gradients from forming, a circulating water bath will be used. A 8” x 8" Tupperware container
with lid will be filled with water. A submersible water circulator and heater will be attached to
the side of the container through a cutout in the Tupperware lid. The heater/circulator will be
plugged into a wall outlet. Sample containers will be placed in the water bath. Water should be
filled above the minimum fill line on the heater/circulator but below the height of the sample
container.

Sample Container
Cartilage samples will be housed in 2.75 inch diameter straight sided PET jars. The jars will be
placed into the water bath container and aligned with the compression platens. Cartilage
samples will be placed inside of the jars and the jars will be filled with Leibovitz’s L-15 medium
so that the sample is fully submerged. This medium maintains pH without the assistance of CO2
so no additional steps are necessary to maintain a physiological pH.

Figure 27. Sample housing system configuration.
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Table 14. Bill of Materials for Sample Housing System.
Item #
1
2
3

Part #
SH-001
SH-002
SH-005

Qty
1
1
2

Name
Submersible Heater/Circulator
8”x8” Tupperware with Lid
PET jar

Material
----

Source
Amazon
Amazon
Amazon

Mechanical Assembly
1. Start by screwing uprights onto base plates
2. Fit guiding plate over uprights and secure with L brackets, ¼-20” socket screws, washers,
and nuts
3. Screw mounted bearings onto the sliding guides using ¼-20” screws and then fit sliding
guides over uprights and secure with ¼-20” set screws
4. Slide spin rod through one ball bearing, fit cam onto spin rod, then slide spin rod
through other ball bearing, ensuring cam is in the middle of the two uprights
5. Tighten cam over desired guiding plate hole with 10-32 set screw
6. Screw platens onto bottom of push rods
7. Feed push rods up through guiding plate and springs
8. Secure ball transfers onto top of push rods
9. Align push rods under each cam
10. Place motor mount onto beaker stand rod and secure with 10-24 set screws on the sides
and a 10-32 set screw on the back at desired height
11. Place foam onto motor mount and then place motor on top of foam
12. Secure motor to mount by tightening hose clamps on either end of motor
13. Secure motor into shaft coupler
14. Secure other end of shaft coupler onto spinning rod to complete the system
15. Place entire assembly over the housing unit that holds samples
*Deviations taken from the listed manufacturing processes can be seen in the Device History
Record (DHR), Table 16.
**Step-by-step instruction pictures can be found in Appendix E.
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Figure 28. Full assembly configuration.

Table 15. Bill of Materials for Interfacing Pieces.
Item #
1
2
3
4
5
6

Part #
IF-001
IF-002
IF-003
IF-004
IF-005
IF-006

Qty.
4
8
50
50
50
4

Name
Ball Transfer
L-bracket
Screw
Nut
Washer
Spring

Material
Steel
Steel
Steel
Steel
Steel
CrSi Steel

Source
Amazon
McMaster
McMaster
McMaster
McMaster
McMaster
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Table 16. Device History Record.
MPI Steps
Cam (2)

Base (2)

Spinning Rod (2)

Mechanical
Assembly (1)

Deviations from MPI
In step a, a 0.25” pilot hole
was first milled followed by
the 0.5” hole.
Additional holes were drilled
to add height to the base. A
0.201” drill bit was used to
make two through all holes,
0.5” apart and 2.75” from the
short edge. These holes were
created on both sides of the
base, making four holes total.
Additional composite boards
were attached using four ¼ 20” screws on both pieces.
In step 2, a lathe was used to
take 10 thousandth of an inch
off the diameter of the rod,
rather than sanding the rod
down.
An additional piece was
added to the base to increase
overall height. ¼-20” screws
were used to fasten the
composite blocks under the
aluminum base.

Completed By
Initials Date
Karoline Wucherer KW
01/18/2022

Karoline Wucherer KW

1/20/2022

Karoline Wucherer KW

01/20/2022

Karoline Wucherer KW

01/21/2022

Test Plans
To ensure that our device meets the customer specifications, we will test for frequency,
compression, temperature, pH, critical dimensions, and usability and compare results to our
engineering requirements. Testing will not require any additional manufacturing, can be
completed in a benchtop setting, and will require materials that are already available to us,
such as markers, cameras, temperature probes, etc. Most notably, testing will require us to
obtain cartilage samples the same day that testing is performed. Should we be unable to obtain
samples on a specific date, testing may be delayed.
Kinematics and Forces
To meet the customer requirements of inducing compression and frequency loads within the
physiological range, testing will be performed with a full system setup. Cartilage samples with a
diameter of 0.5 cm and height of 0.5 cm will be loaded into the sample holder with the system
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at rest. The samples will be tested one at a time, with frequency and displacement testing
occurring simultaneously to not only reduce the number of samples needed but also to ensure
that they meet physiological ranges with the device in normal function. One member of the
team may test for frequency while another tests for displacement.
Frequency
In addition to the device and the samples, a marker and timer will be needed to test
frequency. Following loading of the samples, the system is ready to be run using the
Arduino. To quantify the frequency, a marker can be placed on the rotating rod (the one
driven by the stepper motor), then the number of rotations the rod completes in a
minute can be counted by the user. Since the frequency of the rod was specified to be
variable, the frequency needs to be tested at each of the speeds. Users may change the
speed of the rod using the code, as seen in Figure 29. Since common values for cyclic
compression are 0.5Hz and 1Hz (as are specified by our engineering requirements),
testing will be conducted at these speeds. At 0.5Hz, the rod would be expected to rotate
at 30 RPM, meaning that 30 revolutions of the mark would need to be counted within
one minute. At 1Hz, the rod would be expected to rotate at 60 RPM, meaning 60
revolutions of the mark would be counted within one minute. At each of these
frequencies, testing would need to be conducted at least three times. Each of these
RPMs would then be recorded and compared to the expected value. An error of less
than 5% would be an acceptable value for this system. Data for frequency should be
collected at 0 minutes, 30 minutes, and 60 minutes during a 60-minute period of testing.

Figure 29. Example code to set speed of motor at 1Hz, or 60 RPM.

Displacement
To quantify displacement, a video camera and markers will be utilized. Markers will be
evenly spaced along the sides of the sample container, along with a marker where the
original height of the sample is. The video camera will then be set to view the sample
within its container from the outside, as the sample is being compressed. Heights of the
samples will be measured before and after testing for one hour. To ensure that the
sample is undergoing the correct displacement, a video will be taken for 5 minutes at
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the beginning of testing. The video will then be viewed and have screenshots taken at
maximum displacement locations. Using ImageJ, the difference between the mark of the
original height of the sample and the height at the maximum displacement will be
measured. This will be done for each cycle within 5 minutes and then averaged across
all cycles. This entire procedure will be carried out at the same time as frequency
testing, for a total of 3 times at 1 Hz and 3 times at 0.5 Hz. While we know that the
maximum displacement provided by the system is 0.25 in, or 50%, it is expected that the
actual displacement of the sample will be less, perhaps around 45%, due to the
viscoelastic properties of the tissue samples. An error of 5% or less than this expected
value would be deemed acceptable.
Due to the abilities of ImageJ, as well as utilizing foam samples instead of cartilage,
some modifications to our testing protocols had to be made. To streamline our testing
process and get more accurate results, a one-minute video will be taken at 0 minutes, 30
minutes, and 60 minutes. Within this video, measurements will be taken at 0, 15, 30, 45,
and 60 seconds. These measurements will then be averaged to obtain a displacement
measurement for the overall minute. Because the foam presents permanent
displacement after 10 minutes of testing, we had to modify the measurements that were
being taken. Rather than calculating the strain of the sample, we chose to analyze the
displacement that the device was delivering. This can be done by measuring the amount
that the platen was displaced, then comparing this value to the difference in radii of the
cam. It is expected that the amount of displacement delivered by the platen should be
equal to that of the difference in radii, however a 5% error would be acceptable, due to
accuracy in ImageJ measurements as well as small variations in perfectly downward
motion. This new testing protocol will still be carried out at 1 and 0.5 Hz for three
samples each.

Physiological Conditions
Temperature testing and pH testing were completed at the same time separate from the
mechanical system. We determined that the heat created by the mechanical system would be
negligible at the point where it meets with the sample, and this allowed us to simultaneously
run physiological tests and mechanical tests allowing more time for testing. As we were unable
to obtain cartilage samples, samples were taken from chicken bones. This was as close as we
could get to replicating the effects of tissue on pH and temperature.
To meet the engineering specifications developed to ensure samples are housed in physiologic
conditions, temperature and pH testing will be carried out. Temperature and pH testing will
occur independent of the mechanical system. One member of the team will take
measurements for each test to ensure consistency in the readings. Both tests will be carried out
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over 2 hours with measurements taken every 10 minutes, using a chicken bone and cartilage
sample of about 0.5 cm x 0.5 cm.
Temperature
To measure temperature, a cartilage sample will be loaded into the device along with 25
ml of Leibovitz L-15 medium. The device will be set to a frequency of 1 Hz and run for 2
hours. The device will be stopped every 10 minutes and a temperature reading will be
taken using a calibrated meat thermometer. To ensure that the temperature meets the
engineering specification of 37  2C, the 13 temperature readings will be plotted on a
control chart using a target of 37C, an upper control limit of 39C, and a lower control
limit of 35C. The temperature will be considered within the spec if all measurements
are within these control limits.
pH
To test for pH a chicken bone sample will be placed in 100ml of Leibovitz’s L-15 medium.
Using a calibrated pH probe, readings will be taken of every sample every 10 minutes for
2 hours. To ensure that the pH meets the engineering spec of 7.4  0.2, the 13 readings
will be plotted on a control chart. For the control chart, a target of 7.4, a lower control
limit of 7.2, and an upper control limit of 7.6 will be used. The pH will be considered in
spec if all measurements are within the control limits.

Critical Dimensions
To ensure that the device was manufactured to meet the specifications, critical dimensions will
be measured. For each measurement, a ruler will be used, and measurements will be repeated
by each team member.
Compression Platen
The compression platen must be able to fit within the sample cup and it must be large
enough to cover the entire sample. The platform will be considered in spec if all three
measurements are 3.175  0.005 cm.
Clearance
To ensure ease of sample loading and to avoid interactions with the mechanical system
and the cell housing system, a clearance of 5 cm should be met. Clearance will be
measured from the bottom of the mechanical system to the benchtop. If all three
measurements are greater than 5 cm, the device is within the specification.
Cartilage Sample
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Cartilage samples must be prepared to exact dimensions to ensure a consistent
compressive force between samples. Both the height and diameter will be measured.
Samples will be considered within the specification if all three measurements for both
height and diameter are 0.5  0.01 cm.

Usability
Engineering specifications were developed to ensure that the device is simple to operate and
maintain. These specifications will be tested by either counting the number of steps in the
process or timing how long the process takes to carry out. One team member will carry out the
process and one will time or count the number of steps. This will be repeated with a new team
member carrying out the process each time, for 3 total tests.
Setup
Setup includes loading samples, initiating temperature control, and initiating the
mechanical system. This process will be quantified by the number of setup steps and the
time it takes to complete the process. The setup will be considered within the
specifications if each team member completes it in under 10 steps, in under 5 minutes.
Cleaning
Cleaning includes disposing of samples and medium, cleaning sample containers, and
emptying the circulating water bath. This process will be quantified by the time it takes
to complete. The cleaning process will be considered within specifications if all three
team members complete it in under 3 minutes.

Test Data and Analysis
Frequency and Compression
Testing for compression and frequency was completed simultaneously, for 3 trials at each
specified frequency. Each trial was conducted for an hour, with measurements taken at 0, 30,
and 60 minutes. Results for frequency can be seen in Tables 17-22, and results for compression
can be seen in Tables 23-28.
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Frequency Results
Table 17. Frequency data collected for trial 1 of testing at 0.5Hz (30 rpm) with calculated
percent error from expected rotations per minute.
Foam

Sample 1

Percent Error

0 Minutes

30

0

30 Minutes

30

0

60 Minutes

30

0

Table 18. Frequency data collected for trial 2 of testing at 0.5Hz (30 rpm) with calculated
percent error from expected rotations per minute.
Foam

Sample 2

Percent Error

0 Minutes

30

0

30 Minutes

30

0

60 Minutes

30

0

Table 19. Frequency data collected for trial 3 of testing at 0.5Hz (30 rpm) with calculated
percent error from expected rotations per minute.
Foam

Sample 3

Percent Error

0 Minutes

30

0

30 Minutes

30

0

60 Minutes

30

0

Table 20. Frequency data collected for trial 1 of testing at 1Hz (60 rpm) with calculated
percent error from expected rotations per minute.
Time

Sample 1

Percent Error

0 Minutes

60

0

30 Minutes

60

0

60 Minutes

60

0
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Table 21. Frequency data collected for trial 2 of testing at 1Hz (60 rpm) with calculated
percent error from expected rotations per minute.
Time

Sample 2

Percent Error

0 Minutes

60

0

30 Minutes

60

0

60 Minutes

59.5

0.833

Table 22. Frequency data collected for trial 3 of testing at 1Hz (60 rpm) with calculated
percent error from expected rotations per minute.
Time
0 Minutes

Sample 3

Percent Error

60

0

30 Minutes

60.5

0.833

60 Minutes

60

0

Analysis
For all three trials at both 0.5 and 1 Hz, the device maintained the specified frequency
within acceptable limits. At 0.5 Hz, the device did not deviate from 30 rpm, as reflected
in Tables 17, 18, and 19, resulting in a consistent zero percent error. This leads to the
conclusion that the device is able to continuously and effectively function at 0.5 Hz.
Similarly at 1 Hz, the device did not deviate far from 60 rpm. Results from trial 1, as seen
in Table 20, show that the device consistently maintained a frequency of 60 rpm,
however, trials 2 and 3 have slight deviations. As seen in Table 21, the 60-minute data
collection instance for trial 2 had a slight decrease in frequency due to the motor being
momentarily jammed. A similar case occurred in trial 3 at the 30-minute collection
mark, seen in Table 22. In both cases, the slight deviation in frequency provided a
percent error of less than one, and therefore the device can be accepted as being
effective at providing compression at 1 Hz, or 60 rpm.
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Compression Results
Table 23. Compression data collected for trial 1 of testing at 0.5Hz (30 rpm) with
calculated percent error from expected displacement.
Time in Trial
0 Minutes

30 Minutes

60 Minutes

Data Points

Actual (cm)

Expected (cm)

Percent Error

0 Seconds

0.319

0.302

5.523

15 Seconds

0.317

0.302

4.924

30 Seconds

0.310

0.302

2.504

45 Seconds

0.317

0.302

4.919

60 Seconds

0.308

0.302

1.905

Average

0.314

Average

3.955

0 Seconds

0.320

0.302

5.945

15 Seconds

0.304

0.302

0.543

30 Seconds

0.309

0.302

2.335

45 Seconds

0.318

0.302

5.333

60 Seconds

0.311

0.302

3.146

Average

0.312

Average

3.460

0 Seconds

0.323

0.302

6.880

15 Seconds

0.314

0.302

3.815

30 Seconds

0.309

0.302

2.453

45 Seconds

0.316

0.302

4.472

60 Seconds

0.322

0.302

6.477

Average

0.317

Average

4.819
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Table 24. Compression data collected for trial 2 of testing at 0.5Hz (30 rpm) with
calculated percent error from expected displacement.
Time in Trial
0 Minutes

30 Minutes

60 Minutes

Data Points

Actual (cm)

Expected (cm)

Percent Error

0 Seconds

0.293

0.302

3.057

15 Seconds

0.299

0.302

1.098

30 Seconds

0.294

0.302

2.674

45 Seconds

0.299

0.302

1.095

60 Seconds

0.295

0.302

2.273

Average

0.296

Average

2.039

0 Seconds

0.291

0.302

3.622

15 Seconds

0.298

0.302

1.290

30 Seconds

0.300

0.302

0.514

45 Seconds

0.296

0.302

1.866

60 Seconds

0.296

0.302

2.067

Average

0.296

Average

1.872

0 Seconds

0.308

0.302

2.124

15 Seconds

0.307

0.302

1.530

30 Seconds

0.305

0.302

0.936

45 Seconds

0.314

0.302

4.109

60 Seconds

0.313

0.302

3.708

Average

0.309

Average

2.481
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Table 25. Compression data collected for trial 3 of testing at 0.5Hz (30 rpm) with
calculated percent error from expected displacement.
Time in Trial
0 Minutes

30 Minutes

60 Minutes

Data Points

Actual (cm)

Expected (cm)

Percent Error

0 Seconds

0.306

0.302

1.231

15 Seconds

0.307

0.302

1.820

30 Seconds

0.308

0.302

2.016

45 Seconds

0.302

0.302

0.045

60 Seconds

0.299

0.302

1.148

Average

0.304

Average

1.252

0 Seconds

0.304

0.302

0.674

15 Seconds

0.302

0.302

0.078

30 Seconds

0.305

0.302

1.138

45 Seconds

0.309

0.302

2.305

60 Seconds

0.304

0.302

0.677

Average

0.305

Average

0.974

0 Seconds

0.301

0.302

0.178

15 Seconds

0.301

0.302

0.178

30 Seconds

0.310

0.302

2.673

45 Seconds

0.308

0.302

1.850

60 Seconds

0.320

0.302

5.911

Average

0.308

Average

2.158
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Table 26. Compression data collected for trial 1 of testing at 1Hz (60 rpm) with
calculated percent error from expected displacement.
Time in Trial
0 Minutes

30 Minutes

60 Minutes

Data Points

Actual (cm)

Expected (cm)

Percent Error

0 Seconds

0.304

0.302

0.803

15 Seconds

0.312

0.302

3.176

30 Seconds

0.309

0.302

2.377

45 Seconds

0.326

0.302

7.973

60 Seconds

0.314

0.302

3.973

Average

0.313

Average

3.660

0 Seconds

0.319

0.302

5.539

15 Seconds

0.319

0.302

5.747

30 Seconds

0.309

0.302

2.337

45 Seconds

0.307

0.302

1.517

60 Seconds

0.319

0.302

5.541

Average

0.314

Average

4.136

0 Seconds

0.320

0.302

6.055

15 Seconds

0.305

0.302

0.879

30 Seconds

0.307

0.302

1.740

45 Seconds

0.317

0.302

4.982

60 Seconds

0.314

0.302

3.900

Average

0.313

Average

3.511
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Table 27. Compression data collected for trial 2 of testing at 1Hz (60 rpm) with
calculated percent error from expected displacement.
Time in Trial
0 Minutes

30 Minutes

60 Minutes

Data Points

Actual (cm)

Expected (cm)

Percent Error

0 Seconds

0.326

0.302

8.003

15 Seconds

0.312

0.302

3.476

30 Seconds

0.307

0.302

1.753

45 Seconds

0.320

0.302

6.063

60 Seconds

0.311

0.302

3.047

Average

0.315

Average

4.468

0 Seconds

0.328

0.302

8.728

15 Seconds

0.318

0.302

5.446

30 Seconds

0.302

0.302

0.079

45 Seconds

0.308

0.302

1.935

60 Seconds

0.321

0.302

6.257

Average

0.316

Average

4.489

0 Seconds

0.326

0.302

7.914

15 Seconds

0.322

0.302

6.674

30 Seconds

0.316

0.302

4.610

45 Seconds

0.313

0.302

3.795

60 Seconds

0.303

0.302

0.491

Average

0.316

Average

4.697
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Table 28. Compression data collected for trial 3 of testing at 1Hz (60 rpm) with
calculated percent error from expected displacement.
Time in Trial
0 minutes

30 minutes

60 minutes

Data Points

Actual (cm)

Expected (cm)

Percent Error

0 Seconds

0.309

0.302

2.163

15 Seconds

0.302

0.302

0.115

30 Seconds

0.307

0.302

1.550

45 Seconds

0.316

0.302

4.625

60 Seconds

0.312

0.302

3.394

Average

0.309

Average

2.369

0 Seconds

0.298

0.302

1.446

15 Seconds

0.310

0.302

2.763

30 Seconds

0.319

0.302

5.791

45 Seconds

0.315

0.302

4.166

60 Seconds

0.315

0.302

4.174

Average

0.311

Average

3.668

0 Seconds

0.304

0.302

0.742

15 Seconds

0.298

0.302

1.452

30 Seconds

0.307

0.302

1.615

45 Seconds

0.308

0.302

1.835

60 Seconds

0.302

0.302

0.138

Average

0.304

Average

1.157

Analysis
For all three trials at both 0.5 and 1 Hz, the device maintained the specified compression
within acceptable limits. Some of the percent error seen in presented tables (Tables 2328) can be attributed to the methods used to collect data. Because screenshots from
videos were taken and measured in ImageJ, as seen in Figure 30, there is a slight factor
of human error involved. Collecting data through ImageJ is sensitive to camera angle,
time of screen shots taken, and accuracy of measurements made by the user. If the
camera was not held at the exact same position as the other tests, the change in angle
can cause distances to appear smaller/larger, therefore influencing displacement
measurements. Additionally, since screenshots were taken at times when maximum
displacement was thought to be observed, there is a level of impreciseness, as pictures
may have been taken slightly before or after. Finally, using the ImageJ interface also
introduces some error. Since measurements are made with the click of a mouse and line
tool, they are not always perfectly made from the starting point to the end point. While
we have attempted to make measurements as close as possible, this procedure is
susceptible to human error.
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Figure 30. Sample measurement (yellow line) using ImageJ.
While recognizing the potential for human error, the largest percent error from the
expected value was 4.819%, still under the acceptable range of 5%. The expected value of
displacement was 0.302 cm, which was calculated as the actual difference in radii of the cams
with the camera angle and scaling of ImageJ taken into account. Since all values for
displacement were within a 5% error of the expected value for both 0.5 and 1 Hz, it can be
concluded that the device is able to apply specified amounts of compression, dependent on the
cam radius, at specified frequencies.

Physiological Conditions
Temperature and pH testing were completed simultaneously with readings taken every 10
minutes for 2 hours. Results from temperature testing can be found in Figure 31 and Table 29
and results from pH testing can be found in Figure 32 and Table 30.
Temperature Results

Figure 31. Temperature Control Chart with measurements taken every 10 minutes for 2 hours.
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Table 29. Data Summary for Temperature Testing
Average Temperature (°C)
36.8

Standard Error (°C)
0.07

Analysis
The engineering specifications dictate that temperature should be maintained at 37 ±
2°C. The data collected was an average of 36.8 ± 0.07°C. While the data did trend
towards the lower end of the control limits, it was in control at every data point. It can
be concluded that the device maintains a physiological temperature within the specified
range.
pH Results

Figure 32. pH Control Chart with measurements taken every 10 minutes for 2 hours

Table 30. Data Summary for pH Testing

Average pH (°C)
7.34

Standard Error (°C)
0.007

Analysis
The engineering specifications dictate that pH should be maintained at 7.4 ± 0.2. The
data collected was an average of 7.34 ± 0.007. The data trended toward the lower end
of the control limits, but never deviated outside of control. This trend is likely because
pH readings decrease with increasing temperature. This change, however, does not
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change the acidity of the solution in terms of the hydroxide content so it should not
affect cell viability. It can be concluded from this data that the device maintains a
physiological pH.
Usability Results
Setup Data
Table 31. Data Summary for Setup Testing
Average
Standard Error

Time (s)
271.7
8.5

Number of Steps
8
0

Analysis
The specifications for usability dictate that the device should be set up in under 10
steps, in under 5 minutes. The average setup time was 271.7 ± 8.5 seconds, equivalent
to 4.53 ± 0.14 minutes. The number of steps did not change from trial to trial, resulting
in an average of 8 steps with no error. Both measurements are under the maximum set
in the engineering specifications. It can be concluded that the device setup is feasible
and not overly complex as these requirements were met.
Clean-up Data
Table 32. Data Summary for Clean-up Testing
Average
Standard Error

Time (s)
162.7
4.7

Analysis
The specifications for usability dictate that the device should be cleaned up in under 3
minutes. The average clean-up time was 162.7 ± 4.7 seconds, or 2.71 ± 0.08 minutes.
This is below the limit of 3 minutes and therefore the clean-up time is within the
specification. It can be concluded that the device clean-up process is simple and feasible
as these requirements were met.
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Critical Dimensions Results
Measurements
Table 33. Data Summary for Critical Dimensions
Average
Standard Error

Clearance (cm)
11
0.03

Platen Diameter (cm)
3.2
0.00

Analysis
The specifications for critical dimensions dictate that the clearance should be greater
than 5 cm, the compression platen should have a diameter of 3.175 ± 0.005 cm, and
cartilage samples should be 0.5 cm in height and diameter. As we were unable to obtain
cartilage samples, dimension testing could not be conducted for this specification. The
clearance was measured to be 11 ± 0.03 cm. The platen diameter was measured to be
3.2 cm across all trials. Both dimensions were within the specified range and therefore
the critical dimensions were properly manufactured.

Instructions for Use
Protocols for device setup, cleaning, storage, and safety are outlined below. An operator’s
manual for the heater/circulator, and the safety data sheet for Leibovitz’s L-15 medium can be
found in Appendix F and G respectively.
Setup Protocol
The device has a footprint of 18” x 8” with additional room required for the controls system and
a computer. The device requires two wall outlets to function. The device should be set up
according to the following protocol in a location that can accommodate this.
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1. Place the heater/circulator and sample cup into the water bath container as shown in
Figure 33.

Figure 33. Sample housing configuration
2. Add water to the water bath container above the minimum fill line on the
heater/circulator called out in Figure 34. The heater/circulator will automatically power
down if the water level drops below this line. Be sure to keep the water bath from
contacting the controls system before the lid is attached.

Figure 34. Sous vide heater/circulator with minimum fill line marked with an arrow
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3. Add 100 ml Leibovitz’s L-15 medium and tissue sample to the sample cup. Gloves should
be worn when handling the cell medium and tissue samples. Full safety information on
Leibovitz’s L-15 medium is available in Appendix G.
4. Insert the push rod through the water bath container lid and through the guiding plate
hole as shown in Figure 35. Secure the compression platen to the bottom of the push
rod, place the mechanical system over the water bath container, and secure the lid to
the container.

Figure 35. Configuration of compression platen, water bath container lid, spring, and ball
transfer.
5. Adjust the height of the rotating rod by loosening the set screws on either side of the
bearing as shown in Figure 36 and moving the rod so that the compression platen is in
contact with the sample. Keep fingers clear when tightening the set screw to avoid
injury.

Figure 36. Bearing mount with set screw location marked with an arrow
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6. Adjust the height of the motor mount to align with the rotating rod by loosening the set
screws on the sides and back of the mount. Attach the coupler on the motor to the
rotating rod using the set screw on the coupler as shown in Figure 37. Keep fingers clear
of pinch points when tightening the set screws to avoid injury.

Figure 37. Connection between motor coupler and rotating rod
7. Set the heater/circulator to the desired temperature using the buttons diagramed in
Figure 38 and following the operator’s manual provided by the manufacturer available
in Appendix F.

Figure 38. Diagram of control panel of heater/circulator
8. Plug the Arduino into the power source and connect the USB cord to a computer with
the provided code. Adjust the code to the desired frequency as shown in Figure 39. The
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device will start running once the power supply and computer are connected. Keep
fingers clear of the compression platen while the device is running. The motor will
automatically stop when met with resistance, so injury is unlikely. The complete device
set up is shown in Figure 40.

Figure 39. Arduino code section with frequency input highlighted in yellow

Figure 40. Complete device setup including the mechanical, housing, and controls system.
Cleaning Protocol
Once finished using the device, proper cleaning is necessary to maintain a clean environment
for cell growth and to avoid corrosion of the metal components. Special care should be taken to
keep liquids from the control system when cleaning.
1. Disconnect the motor coupler from the rotating rod. Ensure all electrical components
are unplugged and powered down.
2. Unfasten the lid from the water bath container. Before removing the water bath
container for cleaning ensure all electrical components are cleared from the area. Lift up
on the mechanical frame to remove the water bath container.
3. Remove the heater/circulator and place aside to cool off to room temperature. Once
cool, wipe dry.
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4. While emptying the cell medium be sure to wear gloves to avoid contact. Empty the
water bath and sample container into a sink. Wash thoroughly with soap and water.
Spray down both containers with Isopropyl Alcohol and wipe dry.
5. Wipe the compression platen and push rod dry. Spray with Isopropyl Alcohol and wipe
dry.
6. Dry any residual water on the mechanical frame to avoid corrosion.
Storage Protocol
If the device is to be stored in a location other than the one it was set up in, the following
protocol should be followed.
1. Ensure that all components are unplugged and that the housing system, mechanical
system, and controls system are separated. This will reduce the risk of damage while
moving the device.
2. Carry the mechanical frame from both bottom supports to avoid damage. Place the
frame upright in its storage location
3. Carry the control system by the base and place it upright in its storage location.
4. After cleaning the housing system following the above protocol, ensure it is fully dried
before storage. Allow the heater/circulator to cool down to room temperature before
storage. Place the water bath container, sample cup, and heater/circulator in their
storage location.

Discussion
At the beginning of this academic year, we were tasked with creating a working prototype of a
device that is meant to compress bone and cartilage samples. After nearly six months of
difficulties, hurdles, and complications, we have a working product that we are satisfied with.
The design process was relatively straightforward thanks to the design of our senior project
course. In our first quarter, we were able to obtain customer requirements, turn those into
engineering specifications, create multiple concepts, determine a front runner, and create a
conceptual model that we were confident in. There were small bumps in the early stages where
we made slight alterations or had small concerns that we knew might arise in the future, but for
the most part, the early stages went by smoothly. It was when we got to the manufacturing
stage that things got more difficult.
To start off our second quarter, the machine shops were not open for the first week of planned
manufacturing, causing our timeline to become backed up. At the start of week two, production
began without any idea of how long it would take. It immediately became obvious that
production was going to take longer than expected, so most free time in the early weeks of
second quarter were spent in the shops. Most parts were able to be produced with little to no
alterations, but some required complex machining techniques or partial redesigns. One
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example is the platen design, which had to be thickened so that enough threads could be
tapped into the hole designed for the push rod to screw into. Other slight road bumps included
the lack of yellow tags, the need to order additional parts, and the difficulty of working with
stainless steel pieces. Despite all of this, by the start of week four, the first iteration of the
prototype was functional and ready to be presented.
At this point, the plan was to begin testing, but the functionality of the prototype and the
availability of cartilage samples didn’t allow for that. The device wasn’t compressing straight
down, so a tunnel of washers was super glued to the bottom of the guiding plate to guide the
push rod better, fixing the issue right away. It also became apparent that the current cam was
much too large for the desired compression, so a new, smaller cam was manufactured and
secured to the spinning rod. With the functionality issues fixed, attention was turned to finding
cartilage samples or some material that could be used as a substitute. After several failed
attempts at locating some live samples, a foam with similar compressive properties was
purchased so that compression and frequency testing could begin. As for the temperature and
pH testing, the initial idea of heating the water bath with a heating pad proved to be
unsuccessful. Instead, a sous vide was purchased to deliver a more accurate and higher
temperature to the water bath.
With these changes in place, testing was finally able to begin. Initial frequency testing was
great, as the motor was able to accurately run at .5Hz and 1Hz with no error. Initial
compression testing was different, as it was a struggle to get the device to consistently run for
an hour on end. Initial results for compression were varied, and just barely went over the five
percent error threshold we restricted our tests to. The next step was to figure out how to
modify our device and get it to consistently run without any hiccups. Every possible
combination of set screw tightness was tested, and we were eventually able to figure out how
to tighten or loosen certain parts so that the device could run smoothly. After these slight
changes, the results for compression were more consistent and fell under our percent error.
Finally, testing for temperature and pH were performed, and the results were within our
parameters, meaning we were able to confidently say we met the customer requirements given
to us.
While there were several moments of uncertainty, doubt, and confusion, we were able to
create a product that we feel satisfies the requirements given to us almost six months ago.
Results weren’t immediately acceptable, but we were able to make quick adjustments in order
to improve our design and obtain the results we wanted.
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Conclusions
Within the scope of our project, we have created a mechanical device that applies cyclic
compression at a specified frequency to samples housed in a temperature and pH-controlled
environment. Currently, our device is able to apply up to 2.75 mm of displacement on foam
samples at both 0.5 and 1 Hz. The environment that housed the samples maintained a
temperature of 37C, as well as a pH of 7.4. Due to the lack of availability of biological
specimens, testing was completed with foam samples of similar mechanical properties. The
current system is verified to meet specifications for the foam; however, testing should also be
completed using biological samples (bovine cartilage, etc.) to verify use in research settings.
Additionally, because our system is low-powered, it is inherently safe, and simple warning signs
prove to be sufficient in preventing harm to the user.
Prototyping and testing were performed with a single cam, pushrod, and platen system,
however, there are placeholders for three additional systems. With the purchase and
manufacturing of the additional parts necessary, up to four samples could undergo
compression at once. Given additional time, we would have manufactured these additional
cams, pushrods, and platens to demonstrate the system in full operation.
One limitation of this system is that since all samples are being compressed simultaneously,
they must be compressed at the same rate. This is due to the design of each pushrod system
attached to the same spin rod that controls the frequency. As of current, the device is able to
operate at multiple frequencies, including 0.5 and 1 Hz, which are common rates under which
soft tissue and bone in the body would be undergoing compression. Because the device is
controlled by an Arduino and connected to a NEMA 17 motor, frequencies both higher and
lower than the tested values may be utilized, however, testing would need to be carried out at
these rates to ensure precision and accuracy. Changing the frequency would require values in
the accompanying Arduino code to be adjusted appropriately, and a few possible adjustments
in set screw tightness in the mechanical system. While this process would be relatively quick to
perform, adjusting the compression requires further machining.
The amount of strain delivered to the sample is related to the difference in radii of the cam. To
increase the amount of compression, a larger difference in radii would need to be machined,
meaning the center hole would need to be further offset, and
the opposite is true to decrease compression. An example of
this can be seen in Figure 41, where the cam on the left would
deliver a greater compressive force than the cam on the right.
Each cam and pushrod system may have its own unique cam
and therefore its own level of compression even when being
run simultaneously. The potential for variability in
Figure 41. Exmple cams
compression and frequency in the device lends pathways to
with differing radii.
other applications. While currently, the device is in place to
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cyclically compress cartilage samples, it could also be used in the compression of tissueengineered constructs. Because cartilage and bone need to be under specific loads to
differentiate and proliferate, the system could be adjusted to deliver desired forces at desired
frequencies.
Overall, our device is able to apply cyclic compression to samples below within a temperature
and pH-controlled environment. Due to the built-in adjustability of the system, there are
numerous future applications within tissue engineering research.
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Appendices
Appendix A. Intellectual Property
Mechanical stress test machine - 5,913,246
a. Claim #1: A stress test machine comprising:
a lever having an effort arm, a resistance arm and a fulcrum;
a cam applying a cyclically varying first force to the effort arm of said lever;
a load source applying a second force to the effort arm of said lever, wherein
said first force opposes said second force; and
a sample holder located adjacent to the resistance arm of said lever, such that
when a test sample is placed in said holder force applied to said effort arm is
transferred to said test sample.
b. Claim #2: The machine of claim 1 further wherein said load source is adjustable.
c. Claim #4: The machine of claim 1 wherein said force is transferred compressively to
said test sample.
d. Claim #6: The machine of claim 1 wherein said load force is applied hydraulically.
e. Claim #7: The machine of claim 1 wherein said load force is applied pneumatically.

Bioreactor, devices, systems and methods - 9,206,383
a. Claim #1: A modular bioreactor system comprising: a controller having a data
processing device and a computer readable medium, the computer readable medium
having stored thereon software instructions that, when executed by the data processing
device, cause the data processing device to perform operations including controlling the
bioreactor system and acquiring data from the bioreactor system; one or more
bioreactor modules together forming a modular bioreactor, each bioreactor module
being individually identifiable and controllable by the controller, the bioreactor modules
each including a cell culture section and one or more functional modules coupled to the
cell culture section, the bioreactor modules being configured to be mechanically
coupled to each other so as to form a group of bioreactor modules connected via snapfit configurations; and a common platform configured to be interfaced with each
bioreactor module and providing portions for at least on-line imaging, environmental
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control, and/or data acquisition, the module's configuration to be mechanically coupled
being such that each of the bioreactor modules can be detached individually from the
group without disrupting the remaining modules and such that the group can be
transferred as a single unit into an incubator, wherein each bioreactor modules includes
a perfusion chamber configured to receive and hold a tissue construct, wherein each
bioreactor module is configured to be attached at a bottom portion thereof to said
common platform, and wherein each bioreactor module includes a transparent bottom
portion to permit in situ imaging and/or viewing of the tissue constructs through the
bioreactor module bottom portions during mechanical stretching of the tissue
constructs while the bioreactor modules are attached to the common platform.
b. Claim #2: The system of claim 1, wherein each bioreactor module is configured as a
cartridge having a perfusion chamber configured to receive and hold a tissue construct,
a gas exchanger coupled to the perfusion chamber, a pump coupled to the gas
exchanger and the perfusion chamber, and an interface adapted to be connected to the
controller for identification, control and data exchange functions carried out between
the cartridge and controller.
c. Claim #5: The system of claim 2, wherein the perfusion chamber includes a cover,
perfusion tubing, a transparent layer adapted to hold the tissue construct, a cartridge
container, an indenter and an objective lens.
d. Claim #7: The system of claim 5, wherein the functional modules can include one or
more of: a pump module adapted to connect to the cell culture section and exchange
medium with the cell culture section; a motor module and a mechanical transmission
module adapted to connect to the cell culture section and provide mechanical stimulus
to the cell culture section; an environmental control module adapted to connect to the
cell culture module and regulate an environmental factor of the cell culture section; and
a signal generation module adapted to connect to the cell culture section and to
generate a stimulus signal to be applied to the cell culture module.

Tissue engineered constructs - 10,801,002
a. Claim #1. A bioreactor for use in forming an implantable tissue engineered construct,
the bioreactor comprising: a well having a base; a load applicator; a tissue construct
comprising a scaffold seeded with cells; and a resiliently deformable tissue construct
support element located on the base of the well, the resiliently deformable tissue
construct support element having an upper surface and defining a space which can
receive the tissue construct, the tissue construct being arranged so that it protrudes
beyond the upper surface of the support element, and the support element being
arranged so that it surrounds the tissue construct; in which the load applicator is
operable to apply a cyclical compressive mechanical load to the tissue construct to
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stimulate the deposition of tissue matrix in the tissue construct; in which the load
applicator is mounted for reciprocating movement towards and away from the
tissue construct and the tissue construct support element, and is arranged so that, in at
least an initial part of a loading regime, it contacts both the tissue construct and the
tissue construct support element during its movement towards the tissue construct and
the support element, so that at least part of a total load generated by the load
applicator is borne, in at least the initial part of the loading regime, by the tissue
construct support element and the support element deformed by the load applicator;
and in which the tissue construct support element has an elastic modulus which is
greater than an elastic modulus of the tissue construct prior to commencement of
application of the mechanical load.

METHOD AND APPARATUS FOR IN-VITRO TISSUE CULTIVATION - 20210277348
a. Claim #1: A method for in-vitro tissue cultivation, the method comprising: providing a
seeded-scaffold to a scaffold holder suspended in a medium contained in a bioreactor
chamber; rotating, via a rotation mechanism which the bioreactor chamber is coupled
to, the bioreactor chamber about two orthogonal axes based on a predetermined
motion cycle as a stimulation for tissue growth; and applying, via a stimulator coupled to
the bioreactor chamber, at least one other stimulation for tissue growth to the seededscaffold.
b. Claim #6: The method as claimed in claim 1, wherein applying the at least one other
stimulation for tissue growth to the seeded-scaffold comprises applying a mechanical
stimulation to the seeded-scaffold, and wherein applying the mechanical stimulation to
the seeded-scaffold comprises moving the scaffold holder, via an actuator of the
stimulator, relative to the bioreactor chamber to apply a compression or a tension to
the seeded-scaffold based on a predetermined mechanical stimulation cycle.
c. Claim #8: The method as claimed in claim 6, wherein the predetermined mechanical
stimulation cycle is defined by one or more parameters selected from the group
consisting of an amount of relative movement, a speed of relative movement, a period
of relative movement, a sequence of relative movement, a force applied, and a time
interval between compressions or tensions.
d. Claim #14: An apparatus for in-vitro tissue cultivation, the apparatus comprising a
bioreactor chamber configured to contain a medium; a scaffold holder which is
suspended in the bioreactor chamber and which is configured to receive a seededscaffold; a rotation mechanism as a stimulator for tissue growth, wherein the bioreactor
chamber is coupled to the rotation mechanism, and wherein the rotation mechanism is
configured to rotate the bioreactor chamber about two orthogonal axes based on
a predetermined motion cycle; and at least one other stimulator for tissue growth,
wherein the at least one other stimulator is configured to apply at least one other
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stimulation to the seeded-scaffold, and wherein the at least one other stimulator is
coupled to the bioreactor chamber.

CELL COMPRESSION DEVICE – 20210179997
a. Claim #1 A cell compression device for applying dynamic compression stress to cells
(C), comprising: a main body having a central internal cavity with a symmetry
longitudinal axis (A) and a lower opening aligned with said axis (A), a deformable
membrane having a piston attached thereto, the piston comprising a main portion with
a symmetry longitudinal axis (B), and clamping means to clamp the membrane to the
main body at the lower opening to close the central internal cavity so that the closed
central internal cavity forms a variable pressure chamber, the attached piston being
located outside said variable pressure chamber and the membrane being clamped to
the main body in correspondence of clamping points, wherein in an assembled
configuration, when the deformable membrane is clamped to the main body, said
membrane is in a relaxed configuration, wherein the distance of two opposing clamping
points is lower than the length of the membrane between said two opposing clamping
points, and the symmetry longitudinal axis (B) of the main portion of the piston
coincides with the symmetry longitudinal axis (A) of the central internal cavity.

AUTOMATED TISSUE ENGINEERING SYSTEM – 20210269755
a. Claim #1: A cell culture engineering module, the module comprising; a housing; at
least one bioreactor supported by the housing; a fluid containment system in fluid
communication with the at least one bioreactor and supported by the housing; and one
or more sensors configured to detect changing environmental conditions as a function
of time with respect to the progression of a cell culture in the at least one bioreactor,
the one or more sensors configured to generate signals to a microprocessor
to automatically monitor and automatically alter the changing environmental conditions
responsive to requirements of different stages of the cell culture until completion of the
cell culture.
b. Claim #9: The module of claim 1, wherein the environmental conditions are selected
from the group consisting of pH, temperature, dissolved gases, and combinations
thereof.
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Appendix B. MATLAB Code
%Title: Bone and Cartilage Cyclic Compression
%Authors: Thomasina Hinkle, Ben Parmentier, Karoline Wucherer
%File Name: Compression Code to Call
%
%Requirements:

%comp_fun

%

%compression force (N)

%

%elastic modulus (Pa)

%

%sample cross sectional area (m^2) and height (m)

%
%
clear all
close all
clc
%
val = false;
while val == false
prompt = 'Input desired compression force in Newtons = ';
F = input(prompt);
if F > 0 && F <= 1250
val = true;
else
fprintf(2,'Compression Force must be between 1 and 1,250\n');
end
end
val = false;
while val == false
prompt2 = 'Input Elastic Modulus of Sample in Pascals = ';
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E = input(prompt2);
if E > 0
val = true;
else
fprintf(2,'Elastic Modulus must be greater than 0\n');
end
end
val = false;
while val == false
prompt1 = 'Input cross sectional area of sample in meters^2 = ';
CSA = input(prompt1);
if CSA > 0 && CSA <= 0.00125
val = true;
else
fprintf(2,'Cross Sectional Area must be between 0 and 0.00125m^2\n');
end
end
val = false;
while val == false
prompt3 = 'Input height of sample in meters = ';
Lo = input(prompt3);
if Lo > 0 && Lo <= 0.05
val = true;
else
fprintf(2,'Height must be between 0 and 0.05m\n');
end
end
H_comp = comp_fun(F,CSA,E,Lo);
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fprintf ('height of suspended rod should be %f m\n', H_comp);

%Bone and Cartilage Cyclic Compression
function H_comp = comp_fun(F,CSA,E,Lo)
Strain = F/(CSA * E); %F user inputted (desired compression force)
% %CSA user defined
% %E user defined
%
del_L = Strain * Lo;
cam_r = 0.03; %largest radius of cam
rod_len = .35; %total length of ball, rod, platen
%
H_comp = del_L + cam_r + rod_len;
end
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Appendix C. Arduino code for Stepper Motor
#include <AccelStepper.h> //stepper motor library

// Define motor connections and interface
#define dirPin 2 //connection to set motor direction
#define stepPin 3 //connection to step
#define motorInterfaceType 1 //interface 1 is used for driver

// new instance of AccelStepper class
AccelStepper stepper = AccelStepper(motorInterfaceType, stepPin, dirPin);

void setup() {

stepper.setMaxSpeed(200); //set max speed in steps per sec (60 rpm)

}

void loop() {

stepper.setSpeed(100); //set speed in steps per second (30 rpm)
stepper.runSpeed(); // steps motor at constant speed set by setSpeed

}
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Appendix D. Full Budget

77

Appendix E. Assembly Instruction Pictures
E.1 Assembly instruction pictures associated with mechanical frame
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E.1 Assembly instruction pictures associated with the mechanical frame (contd.)
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E.2 Assembly instruction pictures associated with the mechanical cam system
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E.3 Assembly instruction pictures associated with connecting controls and cam system

E.4 Assembly instruction pictures associated with connecting controls and cam system

81

Appendix F. Heater/Circulator Operator’s Manual
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Appendix G. Leibovitz’s L-15 Medium Safety Data Sheet
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